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ABSTRACT 


Presently,  the  uniform  linear  array  (ULA)  is  the  most  commonly  used  antenna 
system  for  a  sectorized  cell  system  like  the  commercial  cellular  systems.  However,  in 
many  omni-directional  cell  communication  systems,  such  as  the  ground-based  military 
communications,  interest  in  using  the  unifonn  circular  array  (UCA)  has  greatly  increased. 
This  thesis  examines  the  use  of  an  equally-spaced  circular  adaptive  antenna  array  at  the 
mobile  station  for  a  typical  coded  direct  sequence  code  division  multiple  access  (DS- 
CDMA)  communication  system. 

This  thesis  analyzed  the  performance  of  a  randomly  orientated  adaptive  UCA  in 
the  forward  channel  (base  station  to  mobile  station)  of  a  coded  multi-cell  DS-CDMA  sys¬ 
tem.  Using  a  3-  and  4-element  UCA,  the  capacity  and  performance  of  different  cellular 
systems  under  a  range  of  shadowing  conditions,  with  and  without  antenna  sectoring  at  the 
base  station,  and  various  user  capacities  were  simulated  using  the  Monte  Carlo  simula¬ 
tion.  The  results  for  both  ULA,  as  studied  in  [7],  and  UCA  were  compared  and  presented 
in  this  thesis. 
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EXECUTIVE  SUMMARY 


The  uniform  linear  array  (ULA)  has  been  the  most  common  fonn  of  antenna  array 
systems  employed  in  cellular  systems.  Recently,  interest  in  using  uniform  circular  array 
(UCA)  in  omni-directional  cell  communication  systems,  such  as  ground-based  military 
communications,  has  increased. 

The  application  of  the  adaptive  antenna  technology  at  the  mobile  station  for  the 
third-generation  DS-CDMA  cellular  system  can  be  extended  to  the  military  mobile  com¬ 
munication  systems.  Implementing  the  adaptive  UCA  on  the  mobile  stations  will  help  to 
increase  the  military  mobile  communication  system’s  capacity  and  maximum  data  rates. 

The  third-generation  (3G)  cellular  system  employs  direct  sequence  code  division 
multiple  access  (DS-CDMA)  that  allows  simultaneous  sharing  of  limited  available  band¬ 
width.  However,  the  presence  of  inter-cell  co-channel  interference  and  intra-cell  interfer¬ 
ence  has  limited  the  system’s  capacity. 

With  the  ever-increasing  demand  to  accommodate  more  users  and  to  provide 
higher  data-rate  services  within  a  limited  available  frequency  spectrum,  many  researchers 
have  explored  new  options  to  improve  the  system’s  capacity  and  performance.  One  of  the 
most  promising  techniques  for  increasing  the  cellular  system’s  capacity  is  using  a  spa¬ 
tially  distributed  array  of  antennas. 

This  thesis  examines  the  use  of  an  equally-spaced  circular  adaptive  antenna  array 
at  the  mobile  station  for  a  typical  coded  direct  sequence  code  division  multiple  access 
(DS-CDMA)  communication  system.  The  perfonnance  of  the  DS-CDMA  system  with 
adaptive  UCA  in  the  forward  channel  (base  station  to  mobile)  is  analyzed.  Convolutional 
codes  are  also  added  to  the  adaptive  UCA  in  a  slow,  flat  Rayleigh  fading  and  log-normal 
shadowing  environment. 

The  optimized  3-  and  4-element  uniform  circular  array  (UCA)  in  the  coded  DS- 
CDMA  forward-channel  received  signal  model  was  developed.  Four  perfonnance 
boundaries  were  established  from  the  Monte  Carlo  simulations.  The  worst  of  the  best 
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(WB)  boundary  was  selected  as  the  performance  reference  as  it  was  the  most  representa¬ 
tive  boundary. 

The  capacity  and  perfonnance  of  the  adaptive  ULA  and  the  adaptive  UCA,  under 
a  range  of  shadowing  conditions,  with  and  without  antenna  sectoring  at  the  base  station 
and  for  various  user  capacities,  were  compared. 

The  simulation  results  show  that,  generally,  the  performance  of  the  system  with 
the  adaptive  UCA  is  better  than  or  at  least  on  par  with  the  system  with  the  adaptive  ULA. 
In  addition,  the  4-element  adaptive  array  can  “null  out”  up  to  three  interfering  signals  and 
thereby  increases  the  system’s  capacity  further. 

Furthermore,  sectoring  techniques  significantly  reduced  the  amount  of  inter-cell 
interference  and  improved  the  system’s  performance,  thereby  increasing  the  number  of 
mobile  stations  allowed  within  the  cell.  The  capacity  of  the  system  with  the  3-  and  4- 
element  adaptive  UCA  was  increased  by  5.8  times  (with  60°  sectoring)  and  2.8  times 
(with  120°  sectoring),  respectively. 
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I.  INTRODUCTION 


The  Uniform  linear  array  (ULA)  has  been  the  most  common  fonn  of  antenna  ar¬ 
ray  systems  employed  in  cellular  systems.  Recently,  interest  in  using  uniform  circular 
array  (UCA)  in  omni-directional  cell  communication  systems,  such  as  ground-based  mili¬ 
tary  communications,  has  increased. 

The  application  of  the  adaptive  antenna  technology  at  the  mobile  station  for  the 
third-generation  DS-CDMA  cellular  system  can  be  extended  to  the  military  mobile  com¬ 
munication  systems.  Implementing  the  adaptive  UCA  on  the  mobile  stations  will  help  to 
increase  the  military  mobile  communication  system’s  capacity  and  maximum  data  rates. 

In  the  early  days  of  mobile  radio,  when  the  availability  of  radio  spectrum  was  not 
an  issue,  communication  between  a  central  tower  and  multiple  users  was  accomplished 
by  assigning  different  carrier  frequencies  to  different  users.  At  that  time,  the  availability 
of  additional  frequencies  accommodated  additional  users.  Interference  between  various 
users  was  minimized  by  adopting  frequency  division  multiple  access,  in  which  different 
users  occupied  different  frequency  bands  within  the  radio  spectrum. 

Unfortunately,  this  type  of  system  does  not  fully  use  the  available  spectrum.  The 
number  of  users  supported  in  a  given  bandwidth  per  unit  area  is  small  and  the  system 
cannot  simultaneously  support  multiple  users  with  multiple  infonnation  messages  owing 
to  the  limited  radio  spectrum.  The  cellular  system  has  evolved  to  overcome  this  defi¬ 
ciency  and  can  perform  satisfactorily  in  a  densely  populated  area  with  numerous  users. 

With  the  ever-increasing  demand  to  accommodate  more  users  and  to  provide 
higher  data-rate  services  within  a  limited  available  frequency  spectrum,  many  researchers 
have  explored  new  options  to  improve  the  system’s  capacity  and  performance.  One  of  the 
most  promising  techniques  for  increasing  the  cellular  system’s  capacity  is  using  a  spa¬ 
tially  spaced  array  of  antennas. 

A  mobile  communication  system  often  encounters  inter-cell  co-channel  interferers 
who  occupy  the  same  channel  as  the  desired  user.  This  limits  the  system’s  perfonnance 
and  capacity.  Although  the  present  method  of  using  dual  diversity  with  maximum  ratio 
combining  (MRC)  at  the  receiver,  can  accommodate  more  users  with  higher  data  rate, 
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this  method  cannot  reduce  the  high  interference.  This  is  because  the  strategy  of  selecting 
the  strongest  signal  or  extracting  the  maximum  signal  power  from  the  antennas  is  not  ap¬ 
propriate  when  a  strong  interfering  signal  is  present.  The  interfering  signal  rather  than  the 
desired  signal  will  be  enhanced. 

However,  if  the  direction  of  arrival  (DoA)  of  the  interferers  and  the  desired  signal 
could  be  estimated,  an  adaptive  antenna  array  could  be  used  to  suppress  the  interference 
by  steering  a  null  toward  the  interfering  signal  and  forming  a  beam  toward  the  desired 
signal  continuously  with  time.  This  could  improve  the  system’s  performance  signifi¬ 
cantly. 

This  thesis  analyzes  the  performance  of  the  forward  channel  (base  station  to  mo¬ 
bile)  of  a  direct  sequence  code  division  multiple  access  (DS-CDMA)  system  employing 
convolutional  codes  in  a  slow,  flat  Rayleigh  fading  and  log-normal  shadowing  environ¬ 
ment.  Generally,  data  services  are  asymmetric,  with  the  downstream  requiring  a  higher 
data  rate.  The  forward  channel  will  be  used  to  download  data  from  sources,  such  as  the 
Internet,  at  a  high  data  rate  from  the  base  station  to  the  mobile  tenninal. 

Most  of  the  performance  analyses  of  the  DS-CDMA  cellular  system  have  focused 
on  the  reverse  channel  even  with  the  use  of  an  adaptive  antenna.  Moreover,  most  of  these 
performance  analyses  have  only  incorporated  a  subset  of  the  channel  effects  (fading  and 
shadowing)  and  parts  of  the  benefits  of  forward  error  correction  with  soft  decision  decod¬ 
ing. 

In  this  thesis,  an  equally  spaced  circular  antenna  array  with  a  different  number  of 
elements  at  the  mobile  terminal  was  implemented.  The  performance  of  a  randomly  posi¬ 
tioned  mobile  tenninal  with  a  randomly  oriented  adaptive  antenna  array  in  a  multi-cell 
DS-CDMA  network  was  simulated  and  four  performance  boundaries  were  established. 

The  tighter  optimized  array  antenna  boundary  was  selected  as  the  performance 
reference,  as  it  represents  a  more  conservative  situation.  The  optimized  3-  and  4-element 
UCA  with  the  DS-CDMA  forward-channel  received  signal  model  was  developed.  The 
effects  of  the  adaptive  antenna  and  log-normal  shadowing  and  Rayleigh  slow  flat  fading 
were  incorporated  in  the  model. 
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The  benefit  of  forward  error  correction  with  soft  decision  decoding  was  also  inte¬ 
grated  to  enhance  the  new  system  model  presented  in  this  thesis.  This  thesis  further  com¬ 
pares  the  capacity  and  perfonnance  of  ULA  and  UCA,  under  a  range  of  shadowing  con¬ 
ditions,  with  and  without  antenna  sectoring  at  the  base  station  and  for  various  user 
capacities,  using  a  Monte  Carlo  simulation. 

Chapter  II  briefly  discussed  co-channel  interference  in  a  DS-CDMA  system  and 
the  various  methods  to  minimize  the  interference.  The  characteristics  and  constraints  of 
an  equally  spaced  circular  adaptive  array  system  are  also  introduced  in  Chapter  III.  This 
adaptive  array  will  be  modeled  and  analyzed  in  the  DS-CDMA  environment.  The  for¬ 
ward  channel  propagation  model  for  the  DS-CDMA  system  is  introduced  in  Chapter  IV. 
Finally,  Chapter  V  compares  the  performance  between  the  ULA  and  the  UCA  in  various 
conditions. 
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II.  THE  CELLULAR  CONCEPT  AND  APPLICATIONS  OF 
ADAPTIVE  ANTENNA  ARRAY 

This  chapter  provides  the  background  on  direct  sequence  code  division  multiple 
access  (DS-CDMA)  cellular  communication  and  the  constraints  faced  with  ever  increas¬ 
ing  demand  for  more  users  with  high  data  rates.  It  also  discusses  the  present  techniques 
used  by  service  providers,  the  advantages  of  the  adaptive  antenna  systems  and  finally  the 
assumptions  made  in  this  thesis. 

A.  EXPANDING  SYSTEM  CAPACITY 

The  rapid  increase  in  the  number  of  users  of  cellular  phones  and  personal  com¬ 
munication  devices  poses  challenges,  such  as  limited  frequency  spectrum  and  co-channel 
interference,  for  mobile  communications.  The  honeycomb  cell  is  conceptualized  to  solve 
the  problem  of  spectral  congestion  and  limited  user  capacity.  It  offers  very  high  capacity 
in  a  limited  spectrum  allocation  without  any  major  technological  changes.  The  cellular 
concept  is  a  system-level  idea  that  calls  for  replacing  a  single,  high  power  transmitter 
(large  cell)  with  many  low  power  transmitters  (small  cells),  each  providing  coverage  to 
only  a  small  portion  of  the  service  area. 

Each  base  station  is  allocated  a  portion  of  the  total  number  of  channels  available 
in  the  entire  system.  The  surrounding  base  stations  are  assigned  different  groups  of 
channels  so  that  all  the  available  channels  are  equally  distributed.  Neighboring  base  sta¬ 
tions  are  assigned  different  groups  of  channels  so  that  the  interference  between  base  sta¬ 
tions  and  the  mobile  users  under  their  control  is  minimized.  By  systematically  spacing 
base  stations  and  their  channel  groups,  the  available  channels  are  distributed  throughout 
the  geographic  region  and  may  be  reused  as  many  times  as  necessary. 

As  the  demand  for  service  increases,  the  number  of  base  stations  may  be  in¬ 
creased  to  provide  additional  capacity  with  no  additional  increase  in  the  radio  spectrum. 
This  is  the  basis  for  all  modern  wireless  communication  systems,  as  it  enables  a  fixed 
number  of  channels  to  serve  an  arbitrarily  large  number  of  subscribers  by  reusing  the 
channels  throughout  the  coverage  region. 


5 


The  US  digital  cellular  system  based  on  CDMA  was  standardized  as  interim  stan¬ 
dard  95  (IS-95)  by  the  US  Telecommunication  Industry  Association  (TIA).  CDMA  al¬ 
lows  each  user  within  a  cell  to  use  the  same  frequency  spectrum,  as  the  other  users  in  the 
adjacent  cells  as  shown  in  Figure  2.1.  This  completely  eliminates  the  need  for  frequency 
planning  within  a  market. 


Figure  2. 1  Reference  Cell  (O)  with  First  (gray  shaded)  and  Second  Tier  Co-channel 

Cells  (After  Ref.  [5].) 

The  user  data  rate  also  changes  in  real  time,  depending  on  the  voice  activity  and 
the  requirements  in  the  network.  Furthermore,  CDMA  uses  a  different  modulation  and 
spreading  technique  for  the  forward  and  reverse  links.  The  base  station  simultaneously 
transmits  the  user  data  for  all  mobile  stations  in  the  cell  by  using  a  different  spreading 
sequence  for  each  mobile  in  the  forward  link.  A  pilot  code,  with  a  higher  power  level,  is 
also  transmitted  simultaneously.  This  is  to  ensure  that  all  the  mobile  stations  can  use  co¬ 
herent  carrier  detection  while  estimating  the  channel  condition.  On  the  reverse  link,  all 
mobile  stations  respond  in  an  asynchronous  fashion  and  ideally  have  a  constant  signal 
level  due  to  power  control  applied  by  the  base  station. 
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B.  INTERFERENCE 

Interference  is  the  major  limiting  factor  in  the  performance  of  the  cellular  radio 
systems.  The  two  main  sources  of  interference  in  the  DS-CDMA  system  are  other  mobile 
stations  in  the  same  cell  (intra-cell  interference)  or  in  the  adjacent  cells  (inter-cell  inter¬ 
ference)  or  both. 

Thermal  noise  can  be  easily  overcome  by  increasing  the  signal-to-noise  ratio 
(SNR).  Intra-cell  interference,  however,  cannot  be  reduced  by  simply  increasing  the 
transmission  power  of  the  transmitter.  This  is  because  an  increase  in  the  power  transmis¬ 
sion  increases  the  interference  to  the  neighboring  cells,  i.e.,  raises  the  inter-cell  interfer¬ 
ence. 

For  a  narrowband  cellular  system  like  global  system  for  mobile  (GSM),  several 
cells  use  the  same  set  of  frequencies  in  a  given  coverage  area.  Frequency  planning  is  nec¬ 
essary  to  ensure  that  the  adjacent  cells  do  not  use  the  same  set  of  frequencies,  as  shown  in 
Figure  2.2. 


Figure  2.2  Cells  with  the  Same  Letter  Use  the  Same  Set  of  Frequencies  (From  Ref. 

[6].) 
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When  the  size  of  each  cell  is  approximately  the  same  and  the  base  stations  are 
transmitting  with  the  same  power,  the  co-channel  interference  ratio  is  independent  of  the 
transmitted  power.  It  is  however  dependent  on  the  radius  of  the  cell,  R ,  and  the  distance 
between  the  centers  of  the  nearest  co-channel  cells,  D.  Increasing  the  ratio  of  D/R,  ex¬ 
tends  the  spatial  separation  between  the  co-channel  cells  relative  to  the  coverage  distance 
of  a  cell.  Hence,  the  interference  can  be  reduced  by  increasing  the  separation  of  the  co¬ 
channel  cells. 


The  signal-to-interference  ratio  (SIR)  for  a  mobile  receiver  is  given  by  [6] 


S_ 

I 


(0.1) 


where  S  is  the  desired  signal  power  from  the  desired  base  station,  /,■  is  the  interference 
power  caused  by  the  zth  interfering  co-channel  cell  base  station,  and  to  is  the  number  of 
interfering  signals.  If  each  base  station  transmits  with  equal  power  and,  assuming  that  the 
path  loss  exponent  is  the  same  throughout  the  coverage  area,  S/I  can  be  approximated  as: 


S_ 

I 


(0.2) 


where  R  is  the  radius  of  the  cell,  D,  is  the  distance  of  the  z'th  interferer  from  the  mobile, 
and  n  is  the  path  loss  exponent. 

If  all  the  first  tier  interfering  base  stations  are  at  distance  D  from  the  desired  base 
station,  Equation  (0.2)  simplifies  to: 

S  _  (Z)/i?)"  _  (V37V) 


where  N  is  the  number  of  cells  per  cluster.  Hence,  for  a  narrowband  system,  the  SIR  can 
be  improved  by  increasing  N.  However,  the  second  generation  systems  were  optimized 
for  voice.  They  cannot  support  high  data  rate  applications.  Simply  increasing  the  band- 
widths  of  the  systems  does  not  help.  Instead,  it  severely  degrades  the  quality  and  the  reli¬ 
ability  due  to  the  frequency-selective  fading. 
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A  broadband  system  like  CDMA  reuses  the  whole  frequency  spectrum  in  all  the 
cells.  The  system  uses  site  diversity  and  exploits  multipath  fading  through  Rake  combin¬ 
ing.  Considering  only  the  first  tier  cells,  the  distance  between  the  desired  base  station  to 
the  interfering  station  from  the  adjacent  cells  is  fixed  at  V3 R ,  where  R  is  the  radius  of  the 
hexagon  cell.  The  geometry  of  a  cell  in  a  DS-CDMA  system  is  shown  in  Figure  2.3. 


Figure  2.3  Third-Generation  (CDMA)  Cellular  Network  (From  Ref.  [4].) 

C.  TECHNIQUES  TO  IMPROVE  COVERAGE  AND  CAPACITY 

Techniques  like  cell  sectoring  to  expand  the  capacity  of  the  cellular  system  are 
commonly  applied.  With  an  antenna  array  and  with  proper  array  signal  processing  tech¬ 
niques,  an  adaptive  antenna  system  can  alleviate  these  problems  by  suppressing  the  inter¬ 
ference  and  reducing  the  effect  of  multipath  fading. 

1.  Cell  Sectoring 

Sectoring  improves  the  capacity  by  reducing  co-channel  interference  through  stra¬ 
tegic  placement  of  the  base  station  antenna.  There  is  no  change  in  the  radius  of  the  cell. 
Replacing  the  single  omni-directional  antenna  at  the  base  station  with  several  directional 
antennas  reduces  the  co-channel  interference.  Each  of  the  directional  antenna  will  be  ra¬ 
diating  within  a  specified  sector.  By  using  a  directional  antenna,  a  given  cell  will  receive 
interference  from  a  fraction  of  all  the  cells. 
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The  factor  by  which  the  co-channel  interference  is  reduced  depends  on  the 
amount  of  sectoring  used.  A  cell  is  normally  partitioned  into  three  120°  sectors  or  six  60° 
sectors  as  shown  in  Figure  2.4  (a)  and  (b). 


Figure  2.4  (a)  120°  Sectoring;  (b)  60°  Sectoring  (After  Ref.  [5].) 

When  sectoring  is  employed,  the  channels  used  in  a  particular  cell  are  broken 
down  into  sectored  groups  and  are  used  only  within  a  particular  sector  as  illustrated  in 
Figure  2.4  (a)  and  (b).  Assuming  a  seven-cell  system,  for  the  case  of  120°  sectoring,  the 
number  of  interfering  base  stations  is  reduced  from  six  to  two.  This  is  because  only  two 
of  the  six  co-channel  cells  will  cause  interference  to  the  desired  base  station  as  shown  in 
Figure  2.5.  If  omni-directional  antennas  were  used  at  each  base  station,  all  six  co-channel 
cells  would  interfere  with  the  reference  cell. 
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Figure  2.5  120°  Sectoring  Reduce  Interference  from  Co-channel  Cells  (From  Ref. 

[6].) 

2.  Adaptive  Antenna  Array 

An  adaptive  antenna  array  is  an  antenna  array  arranged  in  a  certain  distributed 
configuration  with  a  specialized  signal  processor.  It  can  be  deployed  in  the  CDMA  mo¬ 
bile  communication  system  to  improve  the  system’s  performance  and  capacity  signifi¬ 
cantly  by  minimizing  the  undesired  co-channel  interference.  Most  of  the  adaptive  antenna 
array  systems  can  form  beams  directed  to  the  desired  signal  and  form  nulls  toward  the 
undesired  interferer,  such  as  a  co-channel  base  station.  This  will  enhance  the  signal-to- 
interference  (SIR)  ratio  because  the  received  desired  signal  strength  is  maximized  and  the 
undesired  interference  is  minimized. 

Other  benefits  of  an  adaptive  antenna  array  include: 

•  increase  in  range  or  coverage  arising  from  an  increased  signal  strength  due 
to  array  gain, 

•  increase  of  capacity  arising  from  interference  rejection, 

•  rejection  of  multi -path  interference  arising  from  inherent  spatial  diversity 
of  the  array,  and 

•  reduction  of  expense  through  lower  transmission  powers  to  the  intended 
user. 
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An  adaptive  antenna  array  system  is  commonly  classified  into  one  of  the  three 
categories:  switched  beam  antennas,  dynamic  phased  arrays  and  adaptive  antennas.  Al¬ 
though  a  multiple  antenna  system  is  also  commonly  used  at  the  receiver  for  L-fold  diver¬ 
sity,  which  could  mitigate  the  effects  of  fading  by  reducing  the  signal  fluctuations  when 
the  signal  is  sufficiently  de-correlated,  the  multiple  antennas  cannot  distinguish  a  signal 
from  a  co-channel  base  station.  This  method  of  extracting  the  maximum  signal  power 
from  the  antennas  is  not  appropriate  because  the  method  also  enhances  the  co-channel 
interference  together  with  the  desired  signal. 

A  switched-beam  antenna  system  consists  of  an  antenna  array,  each  fonning 
highly  directive,  pre-defined  fixed  beams.  The  system  usually  detects  the  maximum  re¬ 
ceived  signal  strength  from  the  antenna  beams  and  chooses  to  transmit  the  output  signal 
from  one  of  the  selected  beams  that  gives  the  best  performance.  In  some  ways,  a  switched 
beam  antenna  system  is  very  much  like  an  extension  of  a  sectoring  directional  antenna 
with  multiple  sub-sectors. 

Without  knowing  the  direction  of  arrival  of  the  desired  signal,  the  desired  signal 
may  not  fall  onto  the  chosen  beam  because  the  beams  formed  are  fixed  in  direction. 

Hence  switched  beam  antennas  may  not  provide  the  optimum  SIR.  In  fact,  in  cases  in 
which  a  strong  interfering  signal  is  at  or  near  the  center  of  the  chosen  beam,  while  the 
desired  user  is  away  from  the  center  of  the  chosen  beam,  the  interfering  signal  can  be  en¬ 
hanced  far  more  than  the  desired  signal,  which  results  in  poor  SIR. 

Dynamic  phased  arrays  use  the  direction  of  arrival  (DoA)  information  from  the 
desired  signal  and  steer  a  beam  maximum  toward  the  desired  signal  direction.  This 
method  when  compared  to  a  switch-beam  antenna  is  more  superior  in  performance  be¬ 
cause  it  tracks  the  desired  user  DoA  continuously.  It  uses  a  tracking  algorithm  to  steer  the 
beam  toward  the  desired  user.  The  tracking  of  the  DoA  enables  the  system  to  offer  an  op¬ 
timal  gain  for  the  desired  signal,  while  simultaneously  minimizing  the  reception  of  the 
interfering  signal  by  directing  the  nulls  to  the  interferer’s  direction.  Thus,  excellent  SIR 
can  be  achieved. 

In  the  adaptive  array,  the  weights  are  continuously  adjusted  to  maximize  the  sig- 

nal-to-interference-plus-noise  ratio  (SINR)  and  to  provide  the  maximum  discrimination 

against  undesired  interfering  signals.  If  the  interferer  is  absent  and  if  only  noise  is  pre- 
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sent,  the  adaptive  antennas  maximize  the  signal-to-noise  ratio  (SNR)  and  behave  as  a 
maximal  ratio  combiner  (MRC). 

With  the  use  of  various  signal-processing  algorithms  at  the  receiver-adaptive  an¬ 
tenna  array  system,  this  system  can  distinguish  between  the  desired  signal  and  the  inter¬ 
fering  signals  and  calculate  their  direction  of  arrival  continuously.  This  is  done  to  mini¬ 
mize  interference  dynamically  by  steering  the  nulls  pattern  toward  these  undesired 
sources  and  to  form  the  maximum  gain  pattern  toward  the  desired  signal.  Such  algorithms 
are  usually  implemented  by  digital  signal  processing  software,  which  is  relatively  easy  to 
implement. 

Using  other  algorithms  for  branch  diversity  techniques,  the  adaptive  antenna  array 
system  can  process  and  resolve  separate  multi-path  signals.  This  technique  can  be  com¬ 
bined  with  the  adaptive  antenna  system  to  further  maximize  the  SINR  or  SIR  as  shown  in 
Figure  2.6. 

An  adaptive  antenna  array  system  may  consist  of  N  number  of  spatially  distrib¬ 
uted  antennas  with  an  adaptive  signal  processor  that  generates  the  weight  vectors  for  op¬ 
timum  combination  of  the  antenna  array  output  as  shown  in  Figure  2.6.  This  can  also  be 
regarded  as  an  A-branch  diversity  scheme,  providing  more  than  the  two  diversity 
branches  commonly  used.  The  received  RF  signals  from  the  A-antcnna  elements  are  co¬ 
herently  converted  to  a  baseband  frequency,  which  is  sufficiently  low  enough  for  the 
adaptive  array  processor  to  digitize  the  signals  effectively. 
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Figure  2.6  Block  Diagram  of  an  Adaptive  Antenna  System  (From  Ref.  [1].) 


The  processor  processes  each  digitized  input  channel  by  multiplying  the  adjusted 
complex  weights  of  each  branch  to  form  the  beam  and  the  nulls.  This  results  in  the  beam 
and  null  steering,  which  can  be  viewed  as  a  spatial  fdter  having  a  pass  and  a  stop  band 
created  for  the  direction  of  the  desired  signal  and  interference,  respectively. 

In  general,  it  is  possible  to  generate  (N- 1)  nulls  in  the  array  system  radiation  pat¬ 
tern  toward  (N- 1)  interferer  directions  with  A- antenna  elements  in  the  adaptive  array  sys¬ 
tem.  This  will  reduce  the  total  interferer  signal  significantly,  thereby  reducing  the  inter- 
ferer-to-signal  ratio.  Reducing  the  interference  in  the  interference  limited  system  can  im¬ 
prove  the  system’s  performance  and  capacity. 


D.  ASSUMPTIONS  MADE 

The  following  assumptions  were  made  in  this  thesis  ibullets  .5  from  left  margin 

•  A  standard  two-dimensional  hexagonal  cell  with  base  stations  in  the  center  of 
every  cell  is  considered  (Figure  2.3). 

•  A  mobile  station  connects  to  the  closest  base  station  and  is  power-controlled  by 
that  base  station. 
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•  The  distance  from  the  center  of  the  cell  to  any  of  the  six  vertices  of  the  hexagon, 
known  as  the  cell  radius,  is  1  unit.  Hence,  the  distance  between  the  base  station  to 

any  first  tier  co-channel  base  station  is  J3  units. 

•  The  base  stations  in  each  cell  transmit  with  an  equal  amount  of  power. 

•  Only  interference  from  the  first  tier  cells  is  considered  as  the  interference  from  the 
second  and  subsequent  tier  cells  is  negligible. 

•  The  path  loss  exponent  is  the  same  throughout  the  coverage  area. 

E.  SUMMARY 

The  honeycomb  cell  concept  was  able  to  solve  the  problem  of  limited  frequency 
spectrum  with  rapid  increase  in  the  number  of  users.  However,  interference  is  still  the 
major  limiting  factor  in  the  performance  of  the  cellular  system. 

Techniques  like  cell  sectoring  and  implementation  of  adaptive  antenna  array  can 
improve  the  system’s  coverage  and  capacity.  Modeling  of  the  UCA  will  be  described  in 
detail  in  Chapter  III. 
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III.  UNIFORM  CIRCULAR  ADAPTIVE  ARRAY 


In  wireless  communications,  the  three  types  of  propagation  paths  after  the  wave 
propagates  through  a  physical  medium  are  line-of-sight  (LOS),  non-LOS  reflected  or 
combined  LOS  and  non-LOS  reflected.  The  path  taken  is  dependent  on  the  type  of  envi¬ 
ronment.  For  LOS  propagation,  the  wireless  channel  can  be  considered  an  additive  white 
gaussian  noise  (AWGN)  channel.  Many  non-LOS  reflected  propagation  paths  would  re¬ 
sult  in  a  Rayleigh  (without  LOS  path)  or  a  Rician  (with  LOS  path)  fading  channel.  This 
chapter  describes  the  modeling  of  both  the  channel  and  the  equally  spaced  circular  adap¬ 
tive  array  system. 


A.  CHANNEL  DESCRIPTION 


The  non-LOS  reflected  propagation  paths  would  have  delay,  angle  and  Doppler 
spreads  in  the  fading  channels.  These  propagation  effects  can  be  modeled  with  the  vector 
channel  model  developed  in  Ref.  [1].  In  this  thesis,  only  the  impact  of  the  angular  spread 
on  the  bit  error  rate  (BER)  perfonnance  of  the  uniform  circular  array  (UCA)  is  studied. 


The  vector  channel  model  for  an  A-elcmcnt  uniform  linear  array  (ULA)  devel¬ 
oped  in  Ref.  [1]  is  as  shown: 


v(e) 


1 

e  A 


-]2^k  ^  sm(e) 


k  =  1,  2,  •••,  N. 


(0.4) 


where  d  is  the  separation  distance  between  the  array  elements,  A  is  the  wavelength  of  the 
desired  signal  and  0  is  the  angle  of  arrival  of  the  signal.  This  vector  channel  model  has 
also  been  widely  used  to  evaluate  the  performance  of  an  adaptive  antenna  array  in  the 
mobile  radio  environment.  The  vector  channel  developed  for  the  UCA  is  also  based  on 
the  same  principle  used  to  develop  the  ULA  Ref.  [8].  The  array  manifold  vector  v{0)  for 
an  A-element  UCA  is  as  follows: 
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where  R  is  the  circular  radius  of  the  antenna  array.  The  azimuth  angle  which  is  also 
known  as  the  angle  of  arrival  (AO A),  6 ,  is  on  the  horizontal  plane  where  the  sensors  are 
situated.  It  measures  from  a  reference  imaginary  axis  on  this  horizontal  plane.  The  eleva¬ 
tion  angle,  <j) ,  is  measured  from  a  reference  imaginary  axis  perpendicular  to  the  horizon¬ 
tal  plane  as  shown  in  Figure  3.1. 


7.  axis 


x  axis 


Figure  3.1  Uniform  Circular  Array  (After  Ref.  [2].) 


The  generalization  of  the  model  will  not  be  lost  by  setting  the  elevation  angle,  (f) , 


to  90°.  Hence,  only  the  azimuth  angles  are  considered  in  the  propagation  geometry  in  this 
thesis.  The  array  vector  v(#)  for  the  A-element  UCA  becomes: 
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’(*)  = 


.2nR  .  v 
-J—j~cos(0) 


.2 7iR  {  .  In 

— J - COS|  0 - 77- 


2  71 R  („  2  jc(m- 

-/ - cos  0 - 

X  N 


m=  1,2,  •  •  • ,  N. 


(0.6) 


B.  ADAPTIVE  ANTENNA 

Unlike  a  switched-beam  antenna  with  fixed  directional  beams,  an  adaptive  an¬ 
tenna  usually  consists  of  an  array  with  appropriate  inter-element  spacing.  The  weights  of 
each  element  of  the  antenna  array  are  changed  dynamically  to  maximize  the  signal-to- 
interference  and  noise  ratio  (SINR).  Traditional  adaptive  antenna  systems  used  in  the 
military  for  radar  and  satellite  applications  employ  the  well-defined  AOA  of  the  desired 
and  interfering  signals  to  determine  the  weights. 

Basically,  the  weights  are  chosen  so  that  the  resulting  antenna  pattern  will  have 
nulls  and  beam  in  the  directions  of  the  interfering  and  the  desired  signals,  respectively. 

An  A-clcmcnt  array  has  N—  1  degrees  of  freedom.  It  can  “null  out”  up  to  N—  1  interfering 
signals.  Hence,  an  adaptive  antenna  can  increase  the  system’s  capacity  by  overcoming  the 
fading  effect  and  the  co-channel  interference. 

Figure  3.2  shows  an  adaptive  antenna  array  having  A-elcmcnts  with  L  interfering 
signals.  The  received  signal  at  the  k-th  antenna  element  output,  xfit),  will  be  calculated 
as: 

xk(t)  =  sk(t)  +  nk(t),  k  =  1,2,...,N.  (0.7) 


where  sk(t)  is  the  complex  envelope  of  the  signal  and  nk(t)  is  the  noise  received  by  the  k- 

th  antenna  element.  From  Equation  (3.3),  the  complex  signal  envelope  for  the  A'-clcmcnt 
UCA  is  calculated  as: 


sk(t)=s(t)e 


:  2  7UR  r 


2n(k-\) 

N 


£  =  1,2,..., A, 


where  s(t)  is  the  complex  envelope  of  the  transmitted  desired  signal. 


(0.8) 
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Figure  3.2  Block  Diagram  of  an  Adaptive  Antenna  System  (From  Ref.  [1].) 


Finally,  the  array  output  signal  y(t),  which  is  the  weighted  sum  of  all  the  digitized 
input  signals,  xi (t),  will  be  detennined  from  Equation  (0.9): 

N 

y(t)-’£wkx,(t)=WTX  =  XT,  (0.9) 

k=l 


where 


w, 

x/t) 

w  = 

w2 

X  = 

x2(t) 

_wn_ 

_xN(t)_ 

(0.10) 


The  adaptive  array  system  continuously  adjusts  the  weights  vector  W  using  an  op¬ 
timum  control  algorithm  with  criterion  such  as  minimum  mean  square  error  (MMSE)  [1], 


C.  OPTIMAL  WEIGHTS 

In  this  thesis,  the  algorithm  computes  the  optimum  weight  for  the  adaptive  an¬ 
tenna  system  by  minimizing  the  interference-to-signal  ratio  (ISR).  The  perfonnance 
analysis  will  be  based  on  an  UCA  with  3-  or  4-elements  which  are  uniformly  placed  in  a 
circle  of  the  radius  R. 


20 


For  the  case  of  a  4-element  array,  the  amplitudes  of  the  received  signals  are  A  j, 

A 2,  A 3  and  4  3,  and  their  respective  phase  differences  are  (pi,  (pi,  (pi  and  (pi.  Considering 
only  the  azimuth  angles  in  the  propagation  geometry,  the  far- Held  antenna  factor  Farray  is 
calculated  as  follows: 

-j™  cos(0)  -j^oosle-2*-)  -y2^  1 

Farray  =  AeMe  A  +  A2em  e  1  [  4  J  +  A3em e  A  [  4j 

.2 7lR  (  -  6 ft') 

-  1 - cos  0- 

+  A4eme  A  ■  . 

(0.11) 

The  operating  frequency  and  the  circular  radius,  R ,  are  set  to  be  2  GHz  and  XI 2 , 
respectively.  The  total  gain  is  normalized  to  be  equal  to  1  by  setting  the  following  condi¬ 
tion: 


Ai  An + Ai  Ai  i  • 


(0.12) 


The  complex  gains  of  the  array  in  the  direction  of  the  desired  signal  (FarraVb )  and 
the  three  interferers  {Farmy Farmy  , Farmy  j  are  calculated  with  the  following  equations: 


2  nR  ,  2kR  ( n  2n') 

-l'-rcos(0b)  .  ~l~rCO\9b~~)  .  •  3  — “I  “O  4 

Farrayb=Ae  +Aeme  +A3e*e 


+  A4e,y>e'  :  '  4  ,  (0.13) 


F  =Ae 

1  array  n  ^1^ 


,2nR  (  2k) 

/ - COS  ft, -  *  .  - -  -/I 

2  ■  '  ^  1  ‘  xiA  1  - 


+  42e'^'e 


+  4a  2e 


+  A4e^e 


,2kR  fa  6k  ) 
4  l'1  4) 


(0.14) 


2  nR  2#i?  f  2^)  2#/f  f  4# 

-,'~T~cos(ft2)  -1— cod  ei2  -  —  -i—. -cos  ei2  -  — 

Farravi2  =  A?  +  V"  *  +  4^ 


+  A4eme 


,2kR  (  6k) 


,(0.15) 


F  =  Ae 

1  array  j  3  ^1^ 


2jt/?  ,  , 

■*— a-cosWtt) 

+  42e!^e 


,2kR  (  2k 

1 - cos  ft -j - 

4  l  4  . 


2;r/?  f  4;r) 
cos|  #i3 — — I 

+  A3e^e  +A4e^e 


.2  kR  {.  6k) 

-T-tI 


.(0.16) 


The  amplitude  of  the  received  signal  is  calculated  as: 

A4=pp  +  A22+Ai. 


(0.17) 


The  ISR  is  then  calculated  as  follows: 
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ISR  = 


If 

2 

+ 

F 

2 

+ 

F 

\j  array  n 

F. 


array  h 


(0.18) 


Using  MATLAB  as  the  simulation  software,  the  complex-valued  weights  were 
optimized  after  iterations  and  the  ISR  was  minimized.  However,  some  initial  guessing  in 
the  values  of  the  variables  was  required  to  start  the  simulation.  In  the  case  of  the  4- 
element  array,  six  initial  values  ( 4, ,  A2 ,  A if/, )  had  to  be  guessed  before  the 
simulation  could  begin. 

The  initially  guessed  values  of  the  six  variables  were 

1  71 

A  =  a2=  4  =  ^;  v,  =  ^2  =  ^=j-  (°-19) 

The  values  of  the  weights’  amplitude  are  constrained  between  0  and  1  to  normal¬ 
ize  the  gain  power.  The  most  optimum  strategy  is  to  steer  the  null  toward  the  interfering 
signal  first  rather  than  trying  to  maximize  the  gain  of  the  desired  signal. 

With  the  optimum  weight  values  obtained  after  minimizing  the  ISR,  these  weights 
are  substituted  back  into  Equation  (0. 18)  to  compute  the  optimum  ISR  (ISRopt)  and  to  ob¬ 
tain  the  antenna  factor  values  for  all  the  directions. 


D.  ADVANTAGES  OF  UCA  OVER  ULA 

1.  Symmetry 

If  the  DoA  of  the  desired  and  the  interfering  signals  fall  on  the  opposite  side,  the 
algorithm  for  an  ULA  cannot  minimize  the  ISR  as  desired.  When  the  desired  and  the  in¬ 
terfering  signals  are  located  in  this  symmetrical  location  and  if  the  interfering  signals  are 
at  equal  distance  and  transmitting  with  equal  power  to  the  mobile  as  the  desired  signal, 
the  ISR  for  an  ULA  will  not  be  less  than  0  dB.  Fortunately,  this  situation  can  be  over¬ 
come  with  an  UCA  due  to  its  superior  geometrical  characteristics. 

For  a  3-element  ULA,  the  computed  ISR  is  0  dB  when  one  of  the  interfering  sig¬ 
nals  is  directly  opposite  the  desired  signal  as  shown  in  Figure  3.3: 
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90 


2 


ISR  =  0  dB 

Figure  3.3  A  3-Element  ULA  with  an  Interfering  Signal  Directly  Opposite  the  De¬ 
sired  Signal  (From  Ref.  [8].) 


In  an  identical  situation,  the  3 -element  UCA  is  able  to  overcome  this  limitation  by 
virtue  of  its  superior  geometry  characteristics.  The  computed  ISR  is  -18.8  dB  when  one 
of  the  interfering  signals  is  directly  opposite  the  desired  signal  as  shown  in  Figure  3.4: 


ISR  =  -18.8147  dB 


Figure  3.4 


A  3-Element  UCA  with  an  Interfering  Signal  Directly  Opposite  the  De¬ 
sired  Signal 
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2.  Antenna  Separation 

The  space  available  to  fit  the  antenna  array  in  the  mobile  station  such  as  a  laptop 
is  limited.  A  typical  laptop  has  a  diagonal  space  of  only  about  30  cm.  Setting  the  operat¬ 
ing  frequency  as  2  GHz  and  the  element  spacing  as  A  /  2  (=  1 5  cm) ,  the  required  space  for 

a  4-element  ULA  is  45  cm  as  shown  in  Figure  3.5(a).  Hence,  there  is  insufficient  space  to 
place  the  antenna  array  linearly  on  the  laptop. 

On  the  other  hand,  a  4-  or  more  element  UCA  will  only  require  a  fixed  circular 
space  of  radius  15  cm  as  shown  in  Figure  3.5(b).  Hence,  it  is  possible  to  fit  an  UCA  with 
more  elements  on  the  mobile  stations  as  the  space  required  is  constant.  An  antenna  array 
with  more  elements  is  able  to  “null  up”  more  interfering  signals,  which  thereby  improves 
the  system’s  performance  and  capacity  significantly. 


(a)  (b) 

Figure  3.5  (a)4-Element  ULA;  (b)  8-Element  UCA 


E.  SUMMARY 

Chapter  III  described  in  details  the  vector  channel  model  and  the  principles  be¬ 
hind  an  A-clcmcnt  UCA.  The  advantages  of  the  UCA  over  the  ULA  were  also  presented. 
Next,  the  forward  channel  propagation  model  in  the  coded  DS-CDMA  environment  will 
be  discussed  in  Chapter  IV. 
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IV  FORWARD  CHANNEL  PROPAGATION  MODEL  FOR  CDMA 

SYSTEM 


This  chapter  presents  the  forward  channel  propagation  model  of  a  coded  direct 
sequence  code  division  multiple  access  (DS-CDMA)  mobile  communication  system  in  a 
slow,  flat  Rayleigh  fading  and  log-nonnal  shadowing  environment.  The  forward  channel 
is  being  studied  because  most  data  services  are  asymmetric,  with  the  downstream  requir¬ 
ing  a  higher  data  rate. 

A.  MEDIUM  PATH  LOSS 

In  practice,  a  mobile  station  can  be  located  anywhere  within  a  cell,  with  two  de¬ 
grees  of  freedom.  Its  position  can  be  at  a  distance  R  from  its  base  station  and  can  be  at  a 
particular  angle  to  the  base  station.  Unlike  an  omni-directional  antenna,  the  uniformly 
circular  array  (UCA)  has  an  orientation,  which  must  be  considered.  This  directional  effect 
of  the  UCA  array  increases  the  definition  of  the  mobile  station’s  position  within  the  cell 
to  a  third-order  problem  since  the  mobile  user  can  be  randomly  orientated  in  any  direc¬ 
tion. 

In  order  to  account  for  the  co-channel  interference,  both  the  distances  from  the 
mobile  station  to  all  the  six  first-tier  co-channel  base  stations  and  their  relative  antenna 
array  to  the  base  station  angle  must  be  estimated. 

The  distance  from  the  base  station  in  the  center  cell  to  the  mobile  station  is  repre¬ 
sented  as  R,  while  the  distance  from  the  mobile  station  to  the  first-tier  co-channel  base 
stations  is  D. .  The  cell  radius  is  set  as  D  and  the  angle  of  the  mobile  station  from  the 
base  station  is  A  radians  as  shown  in  Figure  4.1. 
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Figure  4.1  Basic  Geometry  of  the  Base  Station  with  Six  Co-channel  Base  Stations 

(After  Ref.  [4].) 


With  the  center  of  the  six  first-tier  hexagonal  cells  geometry  fixed  as  their  base 
station,  all  the  seven  angles  and  distances  from  the  mobile  station  (MS)  to  all  the  seven 
base  stations  (BS)  can  be  determined.  Any  position  ( R ,  A)  in  the  center  cell  is  defined  as  a 
phasor  representation  of  the  mobile  station,  i.e., 

MS  =  Re'A  where  (0<  R<  1)  and  (0<  A<  2ft).  (0.20) 


The  distance  Dj  and  the  direction  of  arrival  of  the  co-channel  i-th  base  station,  0„ 
can  be  detennined  by  using  vector  algebra. 

With  a  nonnalized  cell  radius  of  D  =  1 ,  the  distance  between  the  center  of  each 
adjacent  base  station  is  V3  and  the  angle  from  the  center  origin  to  each  adjacent  base  sta¬ 
tion,  0BS  ,  is  at  (0,  ^r/3,  2;r/3,  n,  4;r/3, 5^/3,  In') radians.  All  the  distance  and  the  look 
angles  from  the  mobile-station  to  all  adjacent  base  stations  can  then  be  detennined  as 


D  =  Re 


V3e 


-Reb 


(0.21) 
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(0.22) 
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^  =  z(V3/,iS'-/?eM). 


(0.23) 


The  azimuth  angle  and  the  distance  toward  the  desired  center  base  station  are 

9bs=7T  +  A.  (0.24) 

Dbs=R.  (0.25) 

These  distances  and  angles  are  used  to  calculate  the  path  loss  for  the  desired  sig¬ 
nal  and  the  co-channel  interference  using  the  Hata  model,  which  is  equivalent  to  an  aver¬ 
age  path  loss,  Ln  (D) ,  with  a  path  loss  exponent  of  n  =  4  [6],  i.e., 


4  CD)' 


' D ^ 

\doJ 


where  d0  is  the  reference  distance. 


(0.26) 


1.  Hata  Model 

The  Hata  model  is  one  of  the  simplest  and  most  accurate  empirical  models  for 
representing  path  loss  of  cellular  systems  as  presented  in  [6].  It  is  based  on  Okumura 
model’s  graphical  path  loss  data  using  a  standard  formula  for  an  urban  operating  area  and 
modified  equations  for  other  areas.  The  original  Hata  model  matches  the  Okumura  model 
closely  for  distances  greater  than  1  km,  and  the  extended  model  further  extends  to  cover 
higher  frequency  ranges  with  distances  of  about  1  km.  In  this  thesis,  the  extended  model 
was  used  as  it  better  represents  the  operating  environment  of  a  third-generation  cellular 
system. 

The  extended  Hata  model,  which  predict  the  median  path  loss  LH  in  dB  as  de¬ 
fined  in  [6]  by 

L„  -  46.3  +  33.9log(/>13.92log(As„J-a(/W) 

r  ,  (0.27) 

+  [44.9-6.551og(0]log(</)  +  C„. 
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where 


^  ^ mobile  )  [l.llog(/J-0.7]A—  -[l.561og(/J].  (dB)  (0.28) 


and 


Note  that 


[0  dB  for  medium  sized  city  and  suburban  areas 
(.3  dB  for  metropolitan  areas. 


fc  :  carrier  frequency  in  MHz, 

Abase :  base  station  antenna  height  in  meters  (m), 

A  mobile :  mobile-station  antenna  height  in  meters  (m),  and 
d  :  separation  distance  is  measured  in  kilometers  (km). 


The  extended  Hata  model  is  restricted  to  the  following  range  of  parameters: 

/c  :  1500  MHz  to  2000  MHz, 

Abase  :  30  m  to  200  m, 

^mobile  :  1  m  to  10  m,  and 

d  :  1  km  to  20  km. 

In  this  thesis,  the  heights  of  both  the  mobile  station  and  the  base  stations  were  set  as  1  m 
and  30  m,  respectively.  The  operating  carrier  frequency  was  chosen  as  2000  MHz. 


2,  Log-normal  Shadowing 

For  a  given  distance,  the  log-nonnal  shadowing  accounts  for  the  variations  in  the 
average  large-scale  propagation  fading  environment.  The  actual  path  loss  for  a  mobile 
station  in  different  locations  but  with  the  same  distance  from  the  base  station  varies  due 
to  the  type  of  the  medium.  This  happens  because  the  terrain  variations  in  a  particular  path 
can  be  significantly  different  from  the  predicted  average  path  loss.  A  Gaussian  random 
variable  X  with  zero-mean  and  odB  standard  deviation  can  be  used  to  represent  the  shad¬ 
owing  of  the  average  path  loss  value.  The  path  loss  with  shadowing  accounted  for  is 
modeled  by 
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Lx(D)=LH(d)  +  z.  (dB) 


(0.29) 


where  LH  ( D)  is  the  average  path  loss  at  distance  D  km. 

The  above  equation  can  be  converted  to  a  log-normal  random  variable  Lx  as  de¬ 
fined  in  [4], 

Lx  =  LhX.  (0.30) 

The  above  log-nonnal  random  variable  L  v ,  now  also  accounts  for  the  effect  of  log¬ 
normal  shadowing.  Together  with  the  Hata  model,  they  can  be  used  accurately  to  simu¬ 
late  the  propagation  effects  in  the  forward  channel  of  the  coded  DS-CDMA  cellular  sys¬ 
tem  in  a  Rayleigh  slow-flat  fading  environment. 


B.  FORWARD  CHANNEL  MODEL 

In  Ref.  [7],  both  the  large-scale  and  small-scale  propagation  effects  are  combined 
into  a  single  model.  This  combined  Rayleigh  log-normal  channel  fading  model  character¬ 
ized  the  mobile  radio  channel  accurately  in  a  single  unified  model,  which  can  be  more 
completely  analyzed. 

The  Rayleigh  log-normal  channel  model  is  then  applied  to  a  typical  DS-CDMA 
cellular  system  consisting  of  traffic  from  a  cell’s  base  station  to  the  mobile  station  in  the 
cell.  This  received  signal  includes  the  traffic  intended  for  the  mobile  station  from  the  sig¬ 
nal  base  station  (SBS),  traffic  from  other  users  in  the  cell  (intra-cell  interference),  traffic 
for  users  in  adjacent  cells  (inter-cell  interference)  and  additive  white  noise.  The  signal-to- 
noise  plus  interference  ratio  (SNIR)  and  bit  error  rate  (BER)  for  the  DS-CDMA  forward 
channel  in  the  Rayleigh  log-normal  fading  channel  were  derived  in  [4]. 

Using  the  forward  error  correction  (FEC)  the  upper  bound  bit  error  probability  P 
is  defined  in  [7]  as: 

P.Z  (0-31) 

K  d=dfree 

with 
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(0.32) 
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and  [4,  Eq.  4.60] 
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(0.33) 


where  Ec  =  kEb  / n  is  the  coded  bit  energy  and  A  =  In  10/10  =  0.230. 

The  first-event  error  probability  of  the  random  variable  Zci,P2(d) ,  is  the  sum  of  d 

multiplicative  chi-square  (with  two  degrees  of  freedom)  log-normal  random  variables. 
The  details  of  the  derivation  and  modeling  of  Zci  are  elaborated  in  Ref.  [7].  The  total 
number  of  infonnation  bit  errors  that  are  associated  with  selecting  a  path  of  distance  d 
from  the  all-zero  path,  j3d  ,  can  be  calculated  for  a  particular  convolutional  code.  The  log¬ 
normal  shadowing  random  variable  standard  deviation,  cdB  ,  is  in  decibels  (dB). 


However,  when  incorporating  an  adaptive  antenna,  the  above  model  must  be 
modified  to  consider  the  antenna  gain  factors  for  all  the  six  co-channel  interference  base 
stations  (IBS).  Hence  the  modified  a  becomes 
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where  G,  and  g  are  the  antenna  gain  factor  for  the  IBS;  and  the  SBS,  respectively. 

Optimization  of  the  UCA  array  over  a  360°  orientation  for  any  mobile  station’s 
positions  within  the  center  cell  of  a  seven-cell  cluster  was  carried  out.  Since  the  path  loss 
from  the  various  mobile  stations’  positions  to  the  different  IBSs,  the  SBS  and  the  respec¬ 
tive  directions  are  different  and  an  antenna  array  optimization  constraint  must  be  derived 
to  account  for  all  the  above  possible  variations.  A  simple  optimization  using  antenna  fac¬ 
tor  interference-to-signal-ratio  (ISR)  may  not  be  appropriate  because  it  does  not  account 
for  the  different  path  loss  values  for  the  various  interferers. 
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For  simplicity,  it  was  assumed  that  all  the  first-tier  cells  around  the  SBS’s  center 
cell  have  the  same  number  of  active  users  in  each  cell.  The  path  loss  ratio  ( PLR )  was  de¬ 
fined  as  the  optimization  factor  for  determining  if  the  particular  orientation  of  a  particular 
position  is  the  best  or  the  worst  in  performance. 


Note  that  a'  is  proportional  to  PLR,  where  the  fonner  is  the  denominator  in  the  Q  func¬ 
tion  of  the  first-event  probability  P2  (cl)  in  Equation  (0.32).  Thus,  the  value  of  P2  (d) 
will  decrease  with  the  smaller  value  of  PLR.  Since  the  probability  of  error,  Pe,  is  also 
proportional  to  P2  ( d )  as  defined  in  Equation  (0.31),  the  value  Pe  will  also  decrease  ac¬ 
cordingly. 


C.  SUMMARY 

After  the  optimization  of  the  antenna  array,  the  performance  boundaries  based  on 
the  PLR  values  were  ready  to  be  established.  Due  to  the  complexity  of  the  forward  chan¬ 
nel  model,  an  analytical  solution  could  not  be  developed.  Instead  a  Monte  Carlo  simula¬ 
tion  was  used  to  obtain  the  solutions  for  the  performance  analysis  as  described  in  Chapter 
V. 
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V  PERFORMANCE  ANALYSIS  OF  THE  ADAPTIVE  CIRCU¬ 
LAR  ARRAY  ANTENNA  SYSTEM 


In  this  chapter,  the  performance  of  the  uniform  circular  array  (UCA)  at  the  mobile 
station  in  the  forward  channel  is  analyzed.  The  results  were  also  compared  against  the 
performance  of  the  uniform  linear  array  (ULA)  developed  in  Ref.  [8].  The  coded  direct 
sequence  code  division  multiple  access  (DS-CDMA)  forward  channel  model  developed 
in  Ref.  [7]  was  used  to  represent  the  Rayleigh  log-normal  channel.  The  mobile  station 
would  be  receiving  the  signals  from  the  desired  base  station  in  this  environment  as  dis¬ 
cussed  in  Chapter  IV. 

A.  PERFORMANCE  BOUNDARY 

The  channel  model  is  deemed  to  be  too  complex  due  to  the  following: 

•  It  is  a  wireless  channel, 

•  the  position  of  the  mobile  station  is  random,  and 

•  the  orientation  of  the  UCA  array  is  also  random. 

Hence,  no  analytical  solution  could  be  developed  and  the  bit  error  rate  (BER)  per¬ 
formance  of  the  3-  and  4-element  UCA  was  statistically  simulated  using  Monte  Carlo 
simulation.  Obtaining  a  good  representation  of  the  result  also  was  not  an  easy  task  be¬ 
cause  the  BER  performance  at  each  location  may  deviate  significantly  with  a  different 
orientation.  A  4-boundary  approach  was  adopted  in  [4]  to  represent  the  adaptive  ULA 
array  system  perfonnance.  Likewise,  the  same  approach  was  also  adopted  for  the  adap¬ 
tive  UCA  array  system  perfonnance  to  obtain  an  “apple -to-apple”  comparison. 

The  4  boundaries  are  defined  as: 

1.  Best  of  Best  BER  boundary  (BB) 

2.  Worst  of  Best  BER  boundary  (WB) 

3.  Worst  of  Worst  BER  boundary  (WW) 

4.  Best  of  Worst  BER  boundary  (BW) 

First,  the  mobile  station  was  randomly  positioned  and  rotated  360°  at  each  loca¬ 
tion  within  the  cell.  The  optimization  of  the  adaptive  UCA  for  each  random  position  at 
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each  orientation  was  performed  with  one-degree  resolution.  For  each  one-degree  orienta¬ 
tion,  the  optimized  weights  were  obtained  and  were  used  to  compute  the  antenna  gain  for 
all  the  antenna-array  factors.  The  path  loss  ratio  as  defined  in  Equation  (0.35)  of  Chapter 
IV,  was  then  determined. 

The  whole  process  was  repeated  for  the  whole  360°  orientation  and  the  best  and 
the  worst  path  loss  ratios  that  corresponded  to  the  best  and  worst  system  performance  for 
that  single  location  were  selected. 

The  whole  optimization  process  was  repeated  to  capture  the  best  and  the  worst 
performance  by  positioning  the  mobile  station  randomly  within  the  boundary  of  the  cell. 
The  performance  analysis  was  restricted  to  only  one  of  the  60°  sectors  of  the  cell  because 
the  result  could  apply  to  all  parts  of  the  cells  without  losing  any  generality.  The  furthest 
and  the  nearest  distance  from  the  desired  base  station  are  1  km  (normalized)  and  0. 1  km, 
respectively  as  shown  in  Figure  5.1: 


Figure  5.1  Area  of  Analysis  within  the  Cell  (After  Ref.  [4].) 


For  each  location,  the  maximum  and  the  minimum  path  loss  ratio  values  were  de¬ 
termined  and  sorted.  Within  each  (the  maximum  and  the  minimum  value)  category,  the 
largest  and  the  smallest  values  were  used  to  perform  the  Monte  Carlo  simulation  on 
Equation  (0.3 1)  to  obtain  the  BER  performance  boundaries  as  defined  earlier. 
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The  four  performance  boundaries  for  a  system  with  120  users  per  CDMA  carrier 
per  cell  using  a  3-element  adaptive  ULA  versus  an  identical  system  using  a  3-element 
adaptive  UCA  array  were  as  shown  in  Figure  5.2.  In  both  cases,  the  WW  boundary  is  not 
visible  as  it  is  far  above  the  chart  of  BER  =  10_1.  The  best  of  the  best  BER  (BB)  bound¬ 
ary,  representing  the  very  best  performance,  is  the  performance  ceiling  of  the  systems  as 
the  dominant  co-channel  interference  had  been  successfully  “nulled  out.”  The  locations 
of  this  point  for  both  cases  are  within  10%  of  the  normalized  radius  of  the  cell. 


Figure  5.2  Forward  Channel  Performance  Boundaries  for  the  DS-CDMA  System 
with  a  3-Element  Adaptive  Array  Systems  {(JdH  =  7,  Rcc  =  1/2,  v  =  8)  with  120  users  per 

CDMA  carrier  per  cell 


Similarly,  the  four  performance  boundaries  for  a  system  with  120  users  per 
CDMA  carrier  per  cell  using  a  4-element  ULA  array  versus  an  identical  system  using  a  4- 
element  UCA  array  were  also  plotted. 
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Figure  5.3  Forward  Channel  Performance  Boundaries  for  the  DS-CDMA  System 
with  a  4-Element  Adaptive  Array  Systems  ( odB  =  7,  Rcc  =  1/2,  v  =  8)  with  120  users  per 

CDMA  carrier  per  cell 


The  effect  of  the  log-normal  shadowing  is  increased  with  higher  values  of  OdB? 
which  is  the  standard  deviation  of  the  Gaussian  random  variable  that  represents  the  shad¬ 
owing  of  the  average  path  loss,  as  discussed  in  Chapter  IV.  Increasing  the  value  of  OdB 
represents  a  hasher  environment  and  will  have  a  negative  effect  on  the  efficiency  of  the 
adaptive  antenna.  Hence,  Figures  5.4,  5.5,  5.6  and  5.7  show  that  the  performance  de¬ 
creased,  as  expected,  in  all  four  boundaries  for  systems  using  the  adaptive  antenna  array. 
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Figure  5.4  Forward  Channel  Performance  Boundaries  for  the  DS-CDMA  System 
with  a  3-Element  Adaptive  Array  Systems  ( odB  =  8,  Rcc  =  1/2,  v  =  8)  with  120  users  per 

CDMA  carrier  per  cell 


Figure  5.5  Forward  Channel  Performance  Boundaries  for  the  DS-CDMA  System 
with  a  3-Element  Adaptive  Array  Systems  (<JdB  =  9,  Rcc  =  1/2,  v  =  8)  with  120  users  per 

CDMA  carrier  per  cell 
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Figure  5.6  Forward  Channel  Performance  Boundaries  for  the  DS-CDMA  System 
with  a  4-Element  Adaptive  Array  Systems  (<JdB  =  8,  Rcc  =  1/2,  v  =  8)  with  120  users  per 

CDMA  carrier  per  cell 


Figure  5.7  Forward  Channel  Performance  Boundaries  for  the  DS-CDMA  System 
with  a  4-Element  Adaptive  Array  Systems  ( odB  =  9,  Rcc  =  1/2,  v  =  8)  with  120  users  per 

CDMA  carrier  per  cell 
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The  WW  case  is  a  very  pessimistic  scenario  in  which  the  interferer  is  not  being 
sufficiently  suppressed.  A  poor  initial  guess  for  minimizing  the  interference-to-signal  ra¬ 
tio  (ISR),  as  discussed  in  Chapter  III  (Equation  3.14),  could  be  the  cause.  The  perform¬ 
ance  of  this  case  is  always  above  the  usable  limit  of  the  BER  for  the  3-  and  4-element 
adaptive  array  systems  and  therefore  not  plotted  in  the  figures  above.  The  location  of  this 
case  is  near  the  edge  of  the  cell  adjacent  to  the  other  co-channel  cells.  This  boundary  does 
not  represent  the  performance  of  the  systems  adequately. 

In  all  the  figures  above,  the  BW  boundary  is  usually  close  to  the  ceiling  perform¬ 
ance  boundary  and  is  very  much  like  the  BB  case.  Likewise,  both  the  BB  and  the  BW 
boundaries  do  not  give  a  “realistic”  picture  of  the  performance  of  the  system  because  they 
are  the  optimistic  scenarios  in  which  the  co-channel  interferences  have  been  effectively 
“nulled  out.” 

The  most  representative  boundary  is  the  WB  case  because  it  provides  a  good  indi¬ 
cation  of  the  performance  of  the  system.  The  WB  boundary  provides  the  minimum  as¬ 
sured  performance  of  the  communication  system,  which  is  useful  in  the  design  of  a  mo¬ 
bile  communication  system.  This  WB  boundary  indicates  the  worst  case  (the  lowest 
limit)  of  the  best  performance  achievable  by  the  system  with  an  adaptive  array  with  a 
360°  of  freedom. 

It  is  noted  that  for  all  values  of  odB  ,  the  UCA  array  system  outperforms  that  of 
the  ULA  system,  especially  with  a  higher  value  of  the  signal-to-noise  ratio  (SNR).  The 
ULA  array  is  unable  to  minimize  the  ISR  as  desired  when  the  DoA  of  the  desired  and  the 
interfering  signals  fall  on  the  opposite  side.  The  UCA  array  can  overcome  this  limitation 
and  has  a  better  perfonnance  by  virtue  of  its  superior  geometry  characteristics,  as  dis¬ 
cussed  in  Chapter  III. 
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B.  WORST  OF  THE  BEST  PERFORMANCE  BOUNDARY  (WB) 

Figures  5.8,  5.9,  5.10  and  5.11  illustrate  the  perfonnance  of  the  WB  probability 
boundaries  for  a  system  using  an  adaptive  ULA  and  a  system  using  an  adaptive  UCA 
against  the  average  SNR  per  bit  for  a  different  number  of  active  mobile  users  per  CDMA 
carrier  per  cell.  For  a  given  level  of  BER  and  a  given  number  of  active  users,  the  corre¬ 
sponding  average  SNR  per  bit  can  be  detennined  for  each  configuration. 

An  increase  in  the  value  of  <JdB  will  again  undesirably  decrease  the  performance 
of  the  systems  as  shown  in  Figure  5.12,  5.13,  5.14  and  5.15. 

Likewise,  the  lognormal  shadowing  also  has  a  negative  effect  on  the  system  using 
the  4-element  adaptive  array  as  shown  in  Figures  5.16,  5.17,  5.18  and  5.19. 
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Figure  5.8  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  3-Element 
ULA  Array  System  ( odB  =  7,  Rcc  =  1/2,  v  =  8) 


Figure  5.9  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  3-Element 
UCA  Array  System  (adB  =  7,  Rcc  =  1/2,  v  =  8) 
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Figure  5.10  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  4-Element 
ULA  Array  System  (<JdB  =  7,  Rcc  =  1/2,  v  =  8) 
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Figure  5.11  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  4-Element 
UCA  Array  System  (<rdB  =  7,  Rcc  =  1/2,  v  =  8) 
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Figure  5.12  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  3-Element 
ULA  Array  System  (adH  =  8,  Rcc  =  1/2,  v  =  8) 
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Figure  5.13  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  3-Element 
UCA  Array  System  (<JdB  =  8,  Rcc  =  1/2,  v  =  8) 
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Figure  5.14  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  3-Element 
ULA  Array  System  ( adB  =  9,  Rcc  =  1/2,  v  =  8) 
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Figure  5.15  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  3-Element 
UCA  Array  System  ( <JdB  =  9,  Rcc  =  1/2,  v  =  8) 
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Figure  5.16  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  4-Element 
ULA  Array  System  ( <JdB  =  8,  Rcc  =  1  /  2,  v  =  8) 
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Figure  5.17  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  4-Element 
UCA  Array  System  (adB  =  8,  Rcc  =  1/2,  v  =  8) 
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Figure  5.18  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  4-Element 
ULA  Array  System  (<JdH  =  9,  Rcc  =  1/2,  v  =  8) 


Figure  5.19  WB  Performance  Boundaries  for  the  DS-CDMA  System  with  a  4-Element 
UCA  Array  System  ( odB  =  9,  Rcc  =  1/2,  v  =  8) 
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It  is  interesting  to  note  from  Figures  5.12,  5.13,  5.16  and  5.17  that  there  are  cases 
in  which  the  performance  of  the  system  with  the  adaptive  ULA  is  as  good  as,  or  slightly 
better  than  that  of  the  system  with  the  adaptive  UCA.  This  may  be  possibly  due  to  the 
non-linear  PLR  optimization,  which  steers  the  different  nulls  toward  different  interferers. 
The  optimized  null  depths,  which  depend  on  the  initial  guess  values,  the  number  of  inter¬ 
ferers,  and  the  relative  mobile  and  base  stations’  orientation,  are  very  much  algorithm 
dependent.  This  illustrates  the  complexity  of  analyzing  a  system  that  depends  on  multiple 
factors  with  each  factor  affecting  the  system’s  overall  performance. 

Furthermore,  as  the  number  of  users  per  cell  increases,  the  system  with  an  adap¬ 
tive  UCA  does  not  significantly  improve  the  system  when  compared  to  the  adaptive 
ULA.  This  is  because  the  system  with  the  adaptive  UCA  has  reached  its  saturation  level. 
Further  improvement  can  only  be  achieved  with  better  initial  guess  values,  reducing  the 
number  of  interfering  signals,  etc.  Nevertheless,  the  antenna  array  with  more  elements 
generally  can  suppress  more  interfering  signals  and  offer  better  overall  system  perform¬ 
ance  everywhere  within  the  cell. 


C.  ADAPTIVE  ARRAY  WITH  SECTORING 

Sectoring,  as  discussed  in  Chapter  II,  is  a  technique  to  reduce  the  amount  of  inter¬ 
cell  interference.  This  commonly  employed  technique  was  investigated  to  see  whether 
further  improvement  could  be  achieved  in  conjunction  with  the  adaptive  array.  The  120° 
and  60°  sectoring  techniques  were  implemented  on  the  systems  with  the  adaptive  arrays. 
The  results  were  plotted  in  Figures  5.20  and  5.21. 
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Figure  5.20  Probability  of  Bit  Error  for  a  3-Element  Adaptive  Array  DS-CDMA  Sys 
tem  Using  Sectoring  with  a  SNR  per  Bit  of  15  dB  (adB  =  7,  Rcc  =  1/2,  v  =  8) 


Figure  5.21  Probability  of  Bit  Error  for  a  4-Element  Adaptive  Array  DS-CDMA  Sys 
tem  Using  Sectoring  with  a  SNR  per  Bit  of  15  dB  ( odB  =  7,  Rcc  =  1/2,  v  =  8) 
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The  figures  showed  the  BER  versus  the  number  of  users  for  systems  with  a  3-  and 
4-element  adaptive  ULA  and  UCA  in  the  coded  DS-CDMA  forward  channel.  The  aver¬ 
age  SNR  per  bit  and  the  fading  parameter  (crdB )  are  set  at  15  dB  and  7  dB,  respectively. 
The  mobile  stations  are  assumed  to  be  uniformly  distributed  within  the  cells. 

The  results  proved  that  sectoring  significantly  improves  the  system’s  performance 
and  accommodates  more  mobile  stations  within  the  cell.  With  the  BER  set  at  10  8,  the 
capacity  of  the  system  with  the  3-element  adaptive  UCA  jumped  from  9  mobile  stations 
to  61  mobile  stations  (6.8  times  more)  when  60°  sectoring  was  employed  as  shown  in 
Figure  5.20. 

Similarly,  with  the  BER  set  as  10"8,  the  capacity  of  the  system  with  a  4-element 
adaptive  UCA  jumped  from  19  mobile  stations  to  54  mobile  stations  (2.8  times  more) 
when  120°  sectoring  was  employed  as  shown  in  Figure  5.21.  The  improvement  would  be 
larger  with  60°  sectoring. 

From  the  figures  above,  it  is  interesting  to  note  that  in  most  cases,  though  the 
adaptive  UCA  outperforms  the  adaptive  ULA,  there  are  cases  in  which  the  system  with 
the  adaptive  ULA  array  performs  better.  This  could  be  due  to  the  non-linear  ISR  optimi¬ 
zation  algorithm,  which  depends  heavily  on  the  initial  guess  values,  as  discussed  in  Chap¬ 
ter  III. 

Increasing  the  shadowing  parameter  <JdB  corresponds  to  an  environment  with  a 
deeper  fading  variation.  With  the  BER  still  set  as  10“8,  the  3-element  adaptive  UCA  array 
system’s  capacity  with  60°  sectoring  will  reduce  from  61  (<JcW  =  7  dB)  to  26 

(<JdB  =  8  dB)  and  9  (<JdB  =  9  dB)  mobile  stations,  as  shown  in  Figures  5.22  and  5.23. 
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Figure  5.22  Probability  of  Bit  Error  for  a  3-Element  Adaptive  Array  DS-CDMA  Sys 
tem  Using  Sectoring  with  a  SNR  per  Bit  of  15  dB  [<7dB  =  8,  Rcc  =  1/2,  v  =  8) 


Figure  5.23  Probability  of  Bit  Error  for  a  3-Element  Adaptive  Array  DS-CDMA  Sys 
tem  Using  Sectoring  with  a  SNR  per  Bit  of  15dB  (<JdB  =  9,  Rcc  =  1/2,  v  =  8) 
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Similarly,  increasing  the  shadowing  parameter  adH  will  decrease  the  performance 
of  the  4-element  adaptive  array. 


Figure  5.24  Probability  of  Bit  Error  for  a  4-Element  Adaptive  Array  DS-CDMA  Sys¬ 
tem  Using  Sectoring  with  a  SNR  per  Bit  of  15  dB  (<Jd/j  =  8,  Rcc  =  1/2,  v  =  8) 


Figure  5.25  Probability  of  Bit  Error  for  a  4-Element  Adaptive  Array  DS-CDMA  Sys¬ 
tem  Using  Sectoring  with  a  SNR  per  Bit  of  15  dB  ( odB  =  9,  Rcc  =  1/2,  v  =  8) 
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D.  SUMMARY 

Four  performance  boundaries  were  obtained  from  the  simulation  results.  The  most 
representative  boundary  is  the  worst  of  the  best  BER  (WB)  case  as  it  gave  a  good  indica¬ 
tion  of  the  performance  of  the  system. 

From  the  simulation  results,  it  can  be  seen  that  generally,  the  adaptive  UCA  per¬ 
forms  better  than  the  adaptive  ULA.  The  interference  from  adjacent  cells  can  be  reduced 
with  the  sectoring  technique  (Chapter  II).  Both  the  60°  and  120°  sectoring  techniques 
were  performed  on  the  systems.  The  capacity  of  the  system  with  the  3 -element  adaptive 
UCA  was  increased  by  5.8  times  with  60°  sectoring  while  the  capacity  of  the  4-element 
adaptive  UCA  was  increased  by  2.8  times  with  120°  sectoring. 

On  the  other  hand,  increasing  the  shadowing  parameter  crdB  ,  which  corresponds 

to  an  environment  with  a  deeper  fading  variation,  degrades  the  performance  of  the  sys¬ 
tems  regardless  of  the  type  of  the  adaptive  array  used.  Further  improvement  may  be 
achieved  with  a  better  initial  guessed  value  for  the  algorithm  or  a  better  defined  relative 
orientation  between  the  mobile  and  base  stations. 
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VI  CONCLUSIONS  AND  FUTURE  WORK 


A.  CONCLUSIONS 

The  performance  of  the  forward  channel  (base  station  to  mobile  station)  of  a 
coded  direct  sequence  code  division  multiple  access  (DS-CDMA)  system  in  a  slow,  flat 
Rayleigh  fading  and  log-nonnal  shadowing  environment  was  analyzed  in  this  thesis.  An 
equally  spaced  circular  antenna  array  with  a  3-  and  4-element  was  implemented  on  the 
mobile  station. 

The  optimized  3-  and  4-element  uniform  circular  array  (UCA)  in  the  coded  DS- 
CDMA  forward-channel  received  signal  model  was  developed.  Four  perfonnance 
boundaries  were  established  from  the  Monte  Carlo  simulations.  The  worst  of  the  best 
(WB)  boundary  was  selected  as  the  performance  reference  because  it  was  the  most  repre¬ 
sentative  boundary. 

The  capacity  and  perfonnance  of  the  adaptive  unifonn  linear  array  (ULA)  and  the 
adaptive  UCA,  under  a  range  of  shadowing  conditions,  with  and  without  antenna  sector¬ 
ing  at  the  base  station  and  for  various  user  capacities,  were  compared. 

From  the  simulation  results,  generally,  the  performance  of  the  system  with  the 
adaptive  UCA  is  better  than  or  at  least  on  par  with  the  system  with  the  adaptive  ULA. 
However,  there  are  cases  whereby  the  path-loss  ratio  obtained  from  the  optimization  of 
the  3-element  adaptive  array  is  slightly  better  than  that  from  the  4-element  adaptive  array. 
This  may  be  possibly  due  to  the  non-linear  interference-to-signal  ratio  (ISR)  optimization 
algorithm  that  depends  heavily  on  the  initial  guess  values,  the  number  of  interferers  and 
the  relative  mobile  and  base  stations’  orientation. 

Sectoring  techniques  significantly  reduced  the  amount  of  inter-cell  interference 
and  improved  the  system’s  performance  and  hence  increased  the  number  of  mobile  sta¬ 
tions  allowed  within  the  cell.  The  capacity  of  the  system  with  the  3-  and  4-element  adap¬ 
tive  UCA  was  increased  by  5.8  times  (with  60°  sectoring)  and  2.8  times  (with  120°),  re¬ 
spectively. 
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On  the  other  hand,  increasing  the  shadowing  parameter  adB  ,  which  corresponds 

to  an  environment  with  a  deeper  fading  variation,  degrades  the  performance  of  the  sys¬ 
tems  regardless  of  the  type  of  adaptive  array  used.  Further  improvement  may  be  achieved 
with  a  better  initial  guessed  value  for  the  algorithm  or  a  better  defined  relative  orientation 
between  the  mobile  and  base  stations. 

In  conclusion,  the  application  of  the  adaptive  antenna  technology  at  the  mobile 
station  for  the  third-generation  DS-CDMA  cellular  system  can  be  extended  to  the  military 
mobile  communication  systems.  Implementing  the  adaptive  UCA  on  the  mobile  stations 
will  help  to  increase  the  military  mobile  communication  system’s  capacity  and  maximum 
data  rates. 


B.  FUTURE  WORK 

This  thesis  uses  the  classical  approach  where  the  null  pattern  is  steered  toward  the 
interfering  signals  based  on  the  estimated  direction  of  arrival  (DoA)  of  the  signals.  The 
weights  of  the  antenna  are  continuously  adjusted  to  maximize  the  signal-to-interference- 
plus-noise  ratio  (SINR)  and  to  provide  the  maximum  discrimination  against  the  undesired 
interfering  signals. 

If  none  of  the  interfering  signals  are  correlated  with  the  desired  signal,  then  the 
adaptive  array  will  set  the  null  in  the  DoA  of  the  interfering  signals  and  a  maximum 
SINR  is  achieved.  However,  if  one  of  the  interfering  signal  is  highly  correlated  with  the 
desired  signal,  which  may  happen  in  a  multipath  environment,  then  the  adaptive  array 
will  also  attenuate  the  desired  signal. 

This  can  be  overcome  by  using  an  adaptive  array  with  a  steering  vector  that  ex¬ 
ploits  the  Vandennonde  structure  [2]  to  decorrelate  the  correlated  signals.  This  approach 
will  divide  the  adaptive  array  into  a  number  of  equal  size  overlapping  sub-arrays.  The 
decorrelated  covariance  matrix  is  obtained  by  averaging  the  covariance  matrices  of  the 
subarrays. 

Unlike  the  adaptive  ULA,  the  steering  vector  of  the  adaptive  UCA  does  not  have 
the  Vandennonde  structure.  As  a  future  research  subject,  the  DS-CDMA  system  per- 
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formance  analysis  with  the  adaptive  UCA  in  a  Rayleigh  fading  and  log-normal  slow  fad¬ 
ing  environment  can  be  extended  to  a  system  that  combines  the  advantages  of  the  adap¬ 
tive  ULA  with  the  inherent  superior  geometry  characteristics  of  the  adaptive  UCA. 
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